In the medical field, this phenomenon is commonly encountered inside of a human body inside of an MRI machine ( Fig. 1 ).
Figure 1: The Magnetohydrodynamic Effect
The effect appears most prominently inside the aortic arch due to orientation and size, and is a large contributing factor to noise observed in intra-MRI ECGs [2, 3] . Traditionally, this MHD induced voltage (VMHD) was filtered out to obtain clean intra-MRI ECGs, but recent studies have shown that the VMHD induced in a vessel is related to the blood flow through it (stroke volume in the case of the aortic arch) [4] . Further proof of this relationship can be shown from the increase in VMHD measured from periphery blood vessels during periods of elevated heart rate from exercise stress, when compared to baseline state [5] . Previously, a portable device was built to utilize induced VMHD as an indicator of flow [6] . The device was capable of showing change in blood flow, utilizing a blood flow metric obtained from VMHD, however a quantitative relationship between VMHD and blood flow has yet to be established.
This study aims to define the relationship between induced VMHD and magnetic field strength in a controlled setting. Through modulating the distance between a pair of magnets around a flow channel, we hope to better realize the relationship between magnetic field strength and induced VMHD with constant flow and electrolytic solution concentration.
Methods
There were two main issues to address with the experiment: a benchtop setup that would hold the magnets apart safely at the distances required to generate the desired magnetic field strength while still maintaining the ability to pull the magnets apart, and a data acquisition setup to monitor the minute voltages expected to be induced.
The benchtop setup was fabricated that would allow for the safe movement of the magnets towards and away from each other. A pair of cylindrical, N52 grade neodymium magnets measuring a diameter of 2 inches and a height of 2 inches were used to generate the magnetic field. Utilizing the manufacturer's online calculator for field strength, it was determined that an air gap of 0.5 in. would result in a ~1T field strength. 6 in by 6 in. by 0.5 in. blocks of polyoxymethylene were machined with a 0.25 in. deep sockets to hold the magnets on one face, while a 0.75 in. wide slot centered on the other face was machined, allowing for a band of exposed magnet to contact the flow channel for the maximum field strength, while preserving material to form a 0.5 in barrier between the two magnets (Fig.2 ). The setup was mounted on brackets and then affixed to a vise to allow for safe movement of the two magnets together and apart during the experiment (Fig.3) . The actual strength of the magnetic field was verified using a magnetometer, with measurements taking place at the center of the gap between both magnets. It was determined that the minimum field strength of the setup was 0.2T with a maximum field strength of 0.9T in the air gap between the blocks when the vise was wound closed.
The flow channel was designed to be inserted in the slot between the two magnets. A through-channel was designed with barbed ends for the pipe, as well as grooves to insert the measurement wire. The flow channel was fabricated using a sterolithography based 3D printer in order to ensure a watertight model (Fig. 4) . Coaxial cables were mounted in the flow channels and used to measure the VMHD generated inside the flow channel; the exposed copper wires were used as the electrodes. The electrodes were mounted above and below the flow chamber (normal to the plane of the electrolytic flow and the magnetic field in accordance to the Right Hand Rule) to give a differential measurement.
For the experiment, the flow channel was held in-between the magnets with the measurement point centered and the voltage measured from the electrodes recorded.
Results
The measured VMHD for the two different flow channels were recorded (Table 1) . 31.5 A curve examining the relationship of recorded VMHD vs distance from magnetic field was created (Fig. 5 ). 
Interpretation
The recorded data showed an increase in measured VMHD as the magnetic field increased, which agrees with the theoretical relationship (Eq. 1), as a stronger magnetic field over constant tube diameter and flow velocity would pull more electrolytes and create a greater charge disparity. There was a great increase in the voltage as the magnetic field increased at first, though the VMHD stagnated as the field strength approached 0.9T.
There were a few unexpected drops in voltage particularly in the VMHD measured at 0.5T and 0.6T. This may have occurred through misalignment of the measurement site in between the magnets. Due to the high strength of the magnetic field, some deflection was observed at the two magnets were brought together, leading to the two Polyoxymethylene Blocks to "snap" together violently, which was have slightly jostled the positioning of the Flow channel and therefore the electrode pair, compared to the measurement area of the sensitive and minute sensor of the magnetometer. For reference, the observed physical distance between the field strength of 0.5T and 0.6T was <1.5mm. However, the general trend of a logarithmic increase of the MHD voltage is still present.
Further applications of the MHD effect would be the development of an alternative method of electrolytic flow measurement. Within the MRI environment, the ability to monitor stroke volume of the heart without needing to use phase contrast imaging would allow for faster procedures and increased physiological monitoring during MR procedures. In addition, the use of magnetohydrodynamic voltages for blood flow measurement can be used in portable applications, which would allow it to function as an alternative method of blood flow monitoring that is both portable and more accessible (due to differences in equipment cost and technical knowledge required for operation) than current standards (Laser Doppler Flowmetry, MRI, and Doppler Ultrasound).
This experiment has provided insight into the relationship between the magnetic field and induced VMHD under controlled conditions. Further studies will focus on the effects of flow rate of the electrolytic fluid and its effects on observed VMHD.
